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is study intends to develop the electrolyte needed in dye-sensitized solar cells (DSSCs). Moreover, three different ionic liquids
in different molalities are added to the gel-type electrolyte. Experimental results show that the DSSC composed of the gel-type
electrolyte with no ionic liquid added can acquire 4.13% photoelectric conversion efficiency. However, the DSSC composed of the
gel-type electrolyte with 0.4M of 1-butyl-3-methylimidazolium chloride added has an open-circuit voltage of 810mV, a short-
circuit current density of 9.56mA/cm2, and photoelectric conversion efficiency reaching 4.89%. Comparing this DSSC with the
DSSC with no ionic liquid added, the photoelectric conversion efficiency can be enhanced by 18.4%. As to durability, the DSSC
composed of the gel-type electrolyte with ionic liquid added still has a photoelectric conversion efficiency of 3.28% on the 7th day
aer it is stored in an enclosed space and maintains 0.72% efficiency on the 14th day. When the proposed DSSC is compared with
the DSSC prepared by using a liquid-type electrolyte, the durability of its photoelectric conversion efficiency can be increased by 7
times.
1. Introduction
In 1991, M. O’Regan and Grätzel of the Institute of Chemical
Sciences and Engineering in Lausanne used TiO2 powder for
preparing semiconductor thin �lm to serve as a photoelec-
trode. Aer using a Ru-complex dye sensitizer and redox
electrolyte, the photoelectric conversion efficiency under
irradiation reached up to 7% [1, 2]. is kind of cell is a
type of dye-sensitized solar cell (DSSCs). Since the cost of
this type of cell is lower than other kinds of solar cells, DSSC
have gradually been adopted. In recent years, the efficiency
of DSSC has even been increased to 11% [3]. Generally
speaking, electrolytes adopted for DSSC are liquid-type elec-
trolytes. Liquid-type electrolytes have many characteristics,
for example, the composition can be designed and adjusted
easily, the diffusion rate is high, they have better permeability
towards porous �lms with TiO2 microstructure, the electron
transmission speed is fast, and they have higher conversion
efficiency [4]. Nevertheless, although liquid-type electrolytes
can acquire higher conversion efficiency, they also have
several shortcomings, including the electrolyte leaks out
easily, it is easy for the organic solvent to be volatilized, they
are difficult to package, their long-term stability is quite poor,
and their longevity is short. In view of these shortcomings,
scholars have started to develop solid-state electrolytes [5–
7] and gel-type electrolytes [8–10]. However, solid-state
electrolytes alone cannot enter the inside of photoelectrode
thin �lm. Moreover, their resistance value is rather high,
thus causing low photoelectric conversion efficiency. Gel-
type electrolytes, on the other hand, are between solid and
liquid.is can prevent the leakage problem and decrease the
volatility of the organic solvent. Meanwhile, the efficiency of
gel-type electrolytes is close to that of liquid-type electrolytes.
Gel-type electrolytes are composed of organic solvents,
iodides, and high-molecular materials. Commonly used
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solvents include acetonitrile (ACN), polyvinyl carbonate
(PC), and ethylene carbonate (EC), whereas the commonly
used iodides are sodium iodide (NaI), lithium iodide (LiI),
potassium iodide (KI), and iodide (I2). Ren et al. applied a gel
network polymer electrolyte with poly (ethylene oxide) taken
as the main subject for DSSC and reached the conversion
efficiency of 3.6% [11]. Kalaignan et al. took PEO, as the
high-molecular additive and KI as the iodide for application
in a gel-type electrolyte, resulting in an efficiency of 2.044%
[12]. Yang et al. added two high-molecular complexes, PEO,
and polyvinylidene �uoride (PVDF) to a gel-type electrolyte,
achieving the conversion efficiency of 3.9% [13]. Wu et
al. added a high-molecular compound containing 60wt. %
polyethylene glycol (PEG) and 40wt.% polyvinylpyrrolidone
(PVP) to a gel-type electrolyte, resulting in a conversion
efficiency of 4.01% [14]. Yang et al. took poly(methyl
methacrylate) as the high-molecular additive and 0.6M NaI
and 0.06M I2KI as the iodide for application in a gel-type
electrolyte, resulting in an efficiency of 4.78% [15]. Saikia
et al. took P(VdF-HFP) as the high-molecular additive and
PC/DEC/ACN-LiI-I2-TBP as the liquid-type electrolytes for
application in a gel-type electrolyte, resulting in an efficiency
of 4.41% [16] Other high-molecular materials are poly-
vinylidene �uoride-co-hexa�uoro propylene [17, 18], and
polyacrylonitrile [19]. PEG is a kind of polyhydric linear
polymer with stable photochemical properties and good
workability [20]. is study takes PEG as the high-molecular
additive, ACN as the solvent, and LiI as the iodide.
Many previous studies have investigated the addition
of ionic liquid to gel-type electrolytes. For example, Zafer
et al. added 1-butyl-3-methylimidazolium iodide to DSSC
[21] and Cheng et al. added 1-methyl-3-propylimidazolium
iodide (MPII) and 1-ethyl-3-methylimidazolium tetra�uo-
roborate (EMIMBF4) to DSSC in the proportion of 1 : 1 [22].
Not long aer that, they added two ionic liquids of the same
kind, MPII and EMIMBF4, to DSSC in the proportion of
13 : 7 [23]. is study explores the effects of the thin �lm
thickness of a photoelectrode on the efficiency ofDSSC.Next,
three different ionic liquids, 1-butyl-3-methylimidazolium
chloride, 1-butyl-3-methylimidazolium iodide, and 1-butyl-
3-methylimidazolium tetra�uoroborate in different molali-
ties are added to the gel-type electrolyte. We then discuss
the effects of different addition proportions on the photo-
electric conversion efficiency of DSSC. Finally, this study
compares liquid-type electrolytes, gel-type electrolytes, and
gel-type electrolytes with ionic liquid added and discusses
the durability performance of DSSC composed of these three
kinds of electrolytes.
2. Experimental
5 g of TiO2 powder (Degussa P25), 0.16 g of PEG (M.W. =
8000), and 0.4mL of X-100 dispersant were dissolved in 8mL
of nitrate with a molality of 0.1M. e paste was stirred
for 2 hours under the temperature 100∘C. Finally, the paste
was oscillated in a supersonic vibrator for 1 hour, forming
a paste with TiO2 evenly dispersed. First of all, conductive
glass was cut to the size of 2.5 cm∗2 cm, and then adhesive
tape was stuck on the conductive side of the conductive glass
(FTO), with an area of 1 cm∗1 cm reserved at the central part
for coating of the TiO2 paste. Subsequently, the coating of
the well-blended TiO2 paste was subjected to spin coating
for a set period of 5 seconds. e spinning speeds were set
at 500 rpm, 800 rpm, and 1000 rpm. e coated conductive
glass was placed in the oven and dried for 10 minutes. Aer
that, adhesive tape was removed, and the conductive glass
was placed in a sintering furnace. In the sintering process,
the speed of increasing the temperature was set at 10∘C/min.
Aer temperature had risen to 70∘C, this temperature was
kept constant for 15minutes.en the speed of increasing the
temperature was set at 10∘C/min again. Aer the temperature
had risen to 400∘C, it was kept constant for 30 minutes and
then cooled down to room temperature naturally. As for
preparation of the counter electrode thin �lm, a layer of
platinum (Pt) thin �lm with a thickness of around 20 nm
was sputtered on the surface of FTO conductive glass. e
sputtering parameters were set as follows: vacuum degree
of 6 Pa, current value of 30mA, and sputtering time of 120
seconds. Aer completion of sputtering, opaque adhesive
tape was stuck on the surface of the thin �lm. An area of
0.5 cm∗0.5 cm was reserved as an illuminating area.
e gel-type electrolyte used in this study was composed
in such way that high-molecular material was added to the
liquid-type electrolyte. e iodide selected for this study
was 0.5M LiI + 0.05M I2, the selected solvent was ACN,
and the selected high-molecular additive was PEG. Aer
heating and stirring, the electrolyte gradually appeared to
be an evenly gelled object. It was allowed to rest for some
time until it was cooled down. en the preparation of
the gel-type electrolyte was completed. Aer completion
of preparation, 20wt.% PEG was added to the liquid-type
electrolyte. It was then heated and stirred by a magnet
mixer for a period of time in order to completely dissolve
the high-molecular material in the liquid-type electrolyte.
e gelled electrolyte prepared by this composition achieved
conductivity reaching 4.31∗10−3ms/cm. Since this conduc-
tivity was higher than in the gel-type electrolytes composed
of other kinds of materials, we employ these composi-
tion ingredients for preparation of the gel-type electrolyte.
Moreover, this study added ionic liquid containing three
different ingredients, namely, 1-butyl-3-methylimidazolium
chloride, 1-butyl-3-methylimidazolium iodide, and 1-butyl-
3-methylimidazolium tetra�uoroborate at 0.2M, 0.4M, and
0.6M, respectively, to the gel-type electrolyte, and then put
them in a magnet mixer to be heated and stirred. Finally,
the solution was allowed to rest at room temperature to
be cooled down naturally. en the preparation of the gel-
type electrolyte with ionic liquid added was completed.
Furthermore, the completed gel-type electrolyte had to be
placed in a glass container, which was wrapped in aluminum
foil and placed in a dark place to avoid contact with the light.
e prepared photoelectrode was soaked in N719 dye for
24 hours and acetonitrile was used to wash away the dye
residue on the surface. Moreover, the well-blended gel-type
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F 1: IPCE spectra of the DSSCs and UV-vis of N719 dye.
electrolyte was coated onto the photoelectrode by a spatula.
e counter electrode was covered by the photoelectrode and
clips were used to �x the two sides of the sandwich structure.
Copper adhesive tape was stuck on the conductive side of
the counter electrode. is side served as the contact surface
for testing of cell. Finally, a crocodile clip was used again to
connect it with J-V measurement system. Aer completing
the assembly, the incident photon-to-electron conversion
efficiency (IPCE) of the prepared DSSC was tested �rst, and
then the photoelectric conversion efficiencies of DSSCs with
different �lm thicknesses were measured. e photoelectric
conversion efficiency was measured by a potentiostat under
illumination.e light intensity corresponding toAM1.5was
calibrated using a standard silicon solar cell. e intensity
of the light was 100mW/cm2. Aer that, we measured the
photoelectric conversion efficiency and durability of the
DSSCs aer the addition of different kinds of ionic liquids
in various molalities.
3. Results and Discussion
Figure 1 shows the IPCE curve of the prepared DSSC and the
UV-vis curve of the N719 dye. As observed from Figure 1,
the prepared DSSC has greater IPCE values at the wavelength
from 500 nm to 575 nm, with the greatest value (IPCEmax)
of around 42.7% at the wavelength of 545 nm. As shown by
the UV-vis curve, the most obvious absorption areas of dye
are at the wavelengths of 450∼575 nm. Comparison of the
two curves reveals similar trend. is implies that aer the
wavelength range of incident light has irradiated the N719
dye, the excited electrons in the N719 dye can complete
electron transmission and produce electrical energy in the
cell.
Figure 2(a) shows the FESEM images of TiO2 thin �lm.
In the �gure, TiO2 thin �lm has porous features, leading
to increased surface and allowing the photoelectrode to
absorb more dye and provide more area for contact with
the electrolyte. Figures 2(b)–2(d) show the side view of the
T 1: Photovoltaic parameters of the photoelectrode made at
different spinning speeds.
RPM ickness(𝜇𝜇m)
𝑉𝑉oc
(V)
𝐽𝐽sc
(mA/cm2) FF
𝜂𝜂
(%)
500 30 0.71 10.85 0.52 3.97
800 19 0.71 12.10 0.48 4.13
1000 14 0.66 12.31 0.47 3.87
thin �lm under spinning speed at 800, 500, and 1000 rpm,
respectively. As observed from the �gure, the thin �lm
thicknesses are around 19 𝜇𝜇m, 30 𝜇𝜇m, and 14 𝜇𝜇m when the
pinning speeds are 800, 500, and 1000 rpm, respectively.
is study adopts spin-coating method, by which paste is
coated on the conductive glass, to prepare the photoelectrode
thin �lm. e spinning speed affects the thickness of thin
�lm. High spinning speed makes thin �lm thinner, but
could enhance its light transmission rate. Figure 3 shows
the photovoltaic (J-V) curve of the prepared DSSCs with
different photoelectrode thin �lms under different spinning
speeds. As for the prepared gel-type electrolyte, 0.5M LiI +
0.05M I2 is taken as the iodide, ACN is taken as the solvent,
and 20wt.% PEG is taken as the high-molecular additive.
As seen from Table 1, when the spinning speed of the spin-
coating machine is set at 800 rpm, the 𝑉𝑉oc is 0.71, the 𝐽𝐽sc is
12.10, the �ll factor (FF) is 0.48, and 𝜂𝜂 is the highest at 4.13%.
When the spinning speed is 500 rpm, the thin �lm thickness
becomes thicker, reaching 30𝜇𝜇m, and the 𝐽𝐽sc is reduced to
10.85mA/cm2. And when the spinning speed is 1000 rpm,
𝑉𝑉oc is reduced to 0.66V. When the photoelectrode �lm
thickness was too thick, incident light could not effectively
penetrate the bottom layer of thin �lm, and production of
photoelectrons was limited. As a result, it was hard to achieve
higher photoelectric conversion efficiency. In addition, when
photoelectrode thin �lm thickness was 14 𝜇𝜇m, since the
photoelectrode thin �lm thickness was too thin, the dye
adsorption amount was insufficient, making the conversion
efficiency being affected accordingly.
Figure 4 shows the J-V curve of the DSSC with thin
�lm thickness of 19𝜇𝜇m prepared by adding 1-butyl-3-
methylimidazolium iodides in different molalities to the gel-
type electrolyte. As known in Table 2, whenmolality is 0.2M,
the acquired 𝑉𝑉oc is 0.73V, 𝐽𝐽sc is 9.23mA/cm2, FF is 0.62,
and 𝜂𝜂 is 4.21%. And when the molality is 0.4M, the acquired
𝑉𝑉oc is 0.77V, 𝐽𝐽sc is 9.96mA/cm2, FF is 0.60, and 𝜂𝜂 is 4.60%.
As seen in Table 2, the open-circuit voltage rises increased
volume of ionic liquid. Addition of ionic liquid increases
the molality of I−, which makes the conversion efficiency of
DSSC rises. However, when molality is 0.6M, 𝑉𝑉oc is reduced
to 0.75V, 𝐽𝐽sc is 9.88mA/cm2, FF is 0.60, and 𝜂𝜂 is reduced
to 4.44%. is is because excessively high molality obstructs
Li+ from entering the surface of TiO2 and decreases the
photoelectric conversion efficiency of DSSC. Figure 5 shows
the J-V curve of DSSC with thin �lm thickness of 19𝜇𝜇m
prepared by adding 1-butyl-3-methylimidazolium chloride at
different molalities to the gel-type electrolyte. As shown in
Table 3, when the molality increases,𝑉𝑉oc is slightly increased
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(a) (b)
(c) (d)
F 2: SEM images of the TiO2 nanoparticle �lm on FTO glass (a) vertical view� side view for spinning speed at (b) 800 rpm, (c) 500 rpm,
and (d) 100 rpm.
and FF is also increased, but 𝐽𝐽sc appears to be reduced. Aer
adding this kind of ionic liquid to a gel-type electrolyte,
conductivity can be increased. erefore, the open-circuit
voltage is increased, thus increasing the conversion efficiency.
However, when themolality is higher than 0.6M, the increase
in molality reduces the conductivity of ions and reduces both
the short-circuit current density and open-circuit voltage and
further reduces the conversion efficiency. As shown in Table
3, when the molality aer adding the ionic liquid is 0.4M,
the acquired 𝑉𝑉oc of the DSSC is 0.81V, 𝐽𝐽sc is 9.56mA/cm2,
FF is 0.63, and 𝜂𝜂 is 4.89%. Figure 6 shows the J-V curve
of the DSSC prepared with thin �lm thickness of 19𝜇𝜇m
by adding 1-butyl-3-methylimidazolium tetra�uoroborate at
different molalities to the gel-type electrolyte. As shown in
Table 4, when the molality is 0.4M, the prepared DSSC can
obtain the optimal conversion efficiency of 4.34%. Moreover,
the acquired 𝑉𝑉oc is 0.65V, 𝐽𝐽sc is 15.46mA/cm2, and FF is
0.43. Aer adding this kind of ionic liquid to the gel-type
electrolyte, the conductivity of the gel-type electrolyte can
also be increased and the efficiency of DSSC can be obviously
enhanced accordingly. Nevertheless, when the molality is
higher than 0.6M, since the ionic liquid itself has higher
T 2: Photovoltaic parameters of the DSSC based on the
composite electrolytes with 1-butyl-3-methylimidazolium iodide at
different molalities.
Molality 𝑉𝑉oc(V)
𝐽𝐽sc
(mA/cm2) FF
𝜂𝜂
(%)
0M 0.71 12.10 0.48 4.13
0.2M 0.73 9.23 0.62 4.21
0.4M 0.77 9.96 0.60 4.60
0.6M 0.75 9.88 0.60 4.44
viscosity, the viscosity of electrolyte is the slightly increased,
thus slightly reducing the efficiency.
Figure 7 shows the viscosities of gel-type electrolytes
prepared by three different ionic liquids under the same
molality of 0.4M at different temperatures. Among these, the
gel-type electrolyte with the lowest viscosity is the one with 1-
butyl-3-methylimidazolium chloride added. Under 25∘C, its
viscosity is 809mPa⋅s. When the temperature is lower than
25∘C, crystallization appears. When the temperature is 52∘C,
its viscosity is 153.4mPa⋅s and it is inclined to be in a liquid
International Journal of Photoenergy 5
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T 3: Photovoltaic parameters of the DSSC based on the
composite electrolytes with 1-butyl-3-methylimidazolium chloride
at different molalities.
Molality 𝑉𝑉oc(V)
𝐽𝐽sc
(mA/cm2) FF
𝜂𝜂
(%)
0M 0.71 12.10 0.48 4.13
0.2M 0.82 8.27 0.63 4.25
0.4M 0.81 9.56 0.63 4.89
0.6M 0.73 9.23 0.62 4.20
T 4: Photovoltaic parameters of theDSSCbased on the compos-
ite electrolytes with 1-butyl-3-methylimidazolium tetra�uoroborate
at different molalities.
Molality 𝑉𝑉oc(V)
𝐽𝐽sc
(mA/cm2) FF
𝜂𝜂
(%)
0M 0.71 12.10 0.48 4.13
0.2M 0.75 8.43 0.66 4.15
0.4M 0.65 15.46 0.43 4.34
0.6M 0.68 12.52 0.48 4.07
state. As 1-butyl-3-methylimidazolium tetra�uoroborate is
added to the gel-type electrolyte, its viscosity is the highest
among the three of them. When the temperature is 29∘C, its
viscosity is 942mPa⋅s. And when the temperature is lower
than 29∘C, crystallization appears. Furthermore, when the
temperature is 51∘C, its viscosity is 197mPa⋅s. For the gel-
type electrolyte with 1-butyl-3-methylimidazolium iodide
added, the viscosity falls between the above two values.When
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composite electrolytes with 1-butyl-3-methylimidazolium iodide at
different molalities.
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F 5: Photovoltaic curves (J-V) of the DSSC based on the
composite electrolytes with 1-butyl-3-methyl-imidazolium chloride
at different molalities.
the temperature is 25∘C, its viscosity is 978.3mPa⋅s.When the
temperature is 51.5∘C, its viscosity is 186.5mPa⋅s.
Figure 8 shows the changes in photoelectric conversion
e�ciency in DSSCs with thin �lm thickness of 19𝜇𝜇m pre-
pared by three kinds of electrolytes, namely, a liquid-type
electrolyte, a gel-type electrolyte, and a gel-type electrolyte
with ionic liquid added within two weeks of testing time.
For the liquid-type electrolyte, the composition is 0.5M LiI+
0.05MI2+ACN.e gel-type electrolyte ismade aer adding
20wt.% PEG to the abovementioned liquid-type electrolyte.
e gel-type electrolyte with ionic liquid added is prepared
by adding 0.4M of 1-butyl-3-methyl-imidazolium chloride
6 International Journal of Photoenergy
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to the abovementioned gel-type electrolyte. Aer packaging
of DSSC is completed, the �rst measurement of its efficiency
is immediately carried out. Aer completion of testing, the
DSSC is immediately stored in an enclosed environment
isolated from the light source outside. As shown in the �gure,
the photoelectric conversion efficiency of the prepared DSSC
using a gel-type electrolyte is 4.13% just aer completion of
packaging, and it changes 4.13% on the 7th day, and still
has 0.35% on the 14th day. e photoelectric conversion
efficiency of theDSSCprepared by the addition of ionic liquid
is 4.89% just aer completion of packaging and it changes to
3.28% on the 7th day, and still has 0.72% on the 14th day.
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F 8: Variation of conversion efficiency over time for the
DSSCs composed of a liquid-type electrolyte, a gel-electrolyte and
a gel-electrolyte containing 0.4M 1-butyl-3-methyl-imidazolium
chloride.
As for the DSSC prepared by using a liquid-type electrolyte,
although it has higher initial conversion efficiency at 4.52%,
its efficiency is reduced to 0% when measured on the 7th
day. When the proposed DSSC is compared with the DSSC
prepared by using a liquid-type electrolyte, the durability of
its photoelectric conversion efficiency is increased by 7 times.
From here, it is known that the DSSC prepared by using
a gel-type electrolyte has better performance in efficiency
durability than does the one prepared by using a liquid-type
electrolyte. Furthermore, the gel-type electrolyte with ionic
liquid added can keep its efficiency durability longer.
4. Conclusions
Experimental results show that when 0.4M of 1-butyl-3-
methylimidazolium chloride is added to a gel-type electrolyte
composed by taking ACN as the solvent, LiI + I2 as the
iodide and 20wt.% PEG as the high-molecular material, the
DSSC prepared in this way reaches optimal photoelectric
conversion efficiency. Under standard light irradiation, the
acquired 𝑉𝑉oc is 0.81V, 𝐽𝐽sc is 9.56mA/cm2, FF is 0.63, and
𝜂𝜂 is 4.89%. Comparing this DSSC with the DSSC without
the addition of ionic liquid, the photoelectric conversion
efficiency of the former can be increased by 18.4%. Moreover,
in terms of durability, the photoelectric conversion efficiency
of the DSSC prepared by using the gel-type electrolyte with
ionic liquid added is 3.28% on the 7th day, and is still 0.72%
on the 14th day. Comparing this DSSC with the DSSC using
a liquid-type electrolyte, the durability of its photoelectric
conversion efficiency can be enhanced by 7 times.
International Journal of Photoenergy 7
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